Abstract The chromosome status of the mammalian embryo initiates a multistage process of sexual development in which the bipotential reproductive system establishes itself as either male or female. These events are governed by intricate cell-cell and interorgan communication that is regulated by multiple signaling pathways.
Introduction
In mammals, sexually dimorphic establishment of the reproductive system follows three distinct steps. Initial sex determination (also known as chromosomal sex determination) occurs at the time of fertilization when sperm carrying either a Y or X chromosome fuses with the X chromosomebearing oocyte (Welshons and Russell 1959) . Once sex chromosome composition of the embryos is established (XY vs. XX), the second step (primary or gonadal sex determination) proceeds, in which the gonadal structure (testis or ovary) is specified. The sex-determining gene on the Y chromosome (SRY) is both necessary and sufficient to initiate testis morphogenesis (Koopman et al. 1991; Lovell-Badge and Robertson 1990) . On the other hand, in the XX embryo, the absence of the SRY gene results in the initial formation of the ovary. Following the establishment of the gonad, the final stage of sex differentiation (or secondary sex determination) occurs when sex-specific development of the reproductive tracts and external genitalia are completed. Initially, the Wolffian and Müllerian ducts, the precursors of the male and female reproductive tracts, respectively, develop in both male and female embryos (Kobayashi and Behringer 2003) . In male embryos, the testes produce anti-Müllerian hormone (AMH) and testosterone, which cause Müllerian duct regression and differentiation of the Wolffian duct into the epididymis, vas deferens, and seminal vesicles, respectively. Female embryos do not produce these hormones, and therefore, the Wolffian duct regresses and the Müllerian duct is maintained and forms the oviduct, uterus, cervix, and upper part of the vagina. Androgens produced by the testes also masculinize the male external genitalia, and the absence of androgens in female leads to the development of female genitalia. This three-step sexual differentiation process is clearly initiated by sex chromosomes and its components. However, downstream morphogenetic events, such as the appearance of gonad-specific cell types and structure, reproductive tract differentiation, and external genitalia establishment, require intricate interactions between systemic endocrine and local signaling pathways. One locally regulated signaling pathway that has emerged as a key regulator of mammalian sexual differentiation is the hedgehog signaling pathway.
The hedgehog signaling pathway was originally identified in a Drosophila screen and was found to be essential for larval body patterning in flies (NussleinVolhard and Wieschaus 1980) . Since its discovery, the hedgehog signaling pathway has been implicated in organogenesis of multiple species from worms to humans. In addition, aberrant regulation of the hedgehog signaling pathway is linked to numerous diseases in humans, such as basal cell carcinoma, medulloblastoma, rhabdomyosarcoma, and glioma (Varjosalo and Taipale 2008) . The hedgehog signaling pathway is activated by hedgehog ligands, which act as morphogens as they travel over both short and long distances to their target cells where their effect is exerted (Wilson and Chuang 2010) . In most tissues, the hedgehog signaling pathway mediates epithelialmesenchymal communication, a critical process for tissue remodeling and differentiation. Because the molecular aspects of the hedgehog signaling pathway in different species have been extensively reviewed elsewhere (Driver et al. 2008; Turner et al. 2004; Varjosalo and Taipale 2008) , only a brief description of its mechanism of action in mammals is provided below. Three mammalian hedgehog ligands have been identified: desert hedgehog (DHH), Indian hedgehog (IHH), and sonic hedgehog (SHH) (Varjosalo and Taipale 2008) . In the absence of ligands, the hedgehog membrane receptor patched (PTCH1 or PTCH2) represses the action of another membrane-bound protein called smoothened (SMO). Upon ligand binding to patched, its repression of SMO is relieved, leading to activation of SMO and its downstream intracellular signaling cascade. SMO activation induces the processing of the GLI-Krüppel family of transcription factors (GLI1, GLI2, and GLI3), which results in their transcriptional activation and translocation to the nucleus, where they regulate a number of hedgehog target genes, including the induction of Ptch1 and Gli1. Analysis of the evolutionary history of the hedgehog signaling pathway reveals that the core components of this pathway are conserved throughout metazoans (Ingham et al. 2011; Wilson and Chuang 2010) . Genes that encode the hedgehog components are located on the autosomes and are well conserved from flies through mice, rats, cows, and humans (Table 1) . Interestingly, Caenorhabditis elegans also express hedgehog signaling components, such as Patched and Gli, although no ortholog of the hedgehog ligand has been identified in this species.
To better understand how sexual differentiation and reproductive organ formation are accomplished, it is important to identify the players that facilitate cell-cell communication, cell fate determination, and tissue remodeling in these processes. Components of the hedgehog signaling pathway are expressed in the male and female reproductive systems in distinct spatial and temporal patterns (Walterhouse et al. 2003) . Here, we provide a historical and comparative review on the involvement of the hedgehog signaling pathway in the sexual differentiation of the mammalian embryo (mostly in mice) as well as other species.
The original frontier of hedgehog signaling in mammalian reproduction
The first indication of a role for hedgehog signaling in sexual differentiation came from studies exploring the action of DHH in the mouse embryo. Within the fetal testis, Dhh is expressed specifically in the Sertoli cells as early as embryonic day or E11.5, whereas the other two ligands are not produced (Bitgood and McMahon 1995) . Both Ptch1 and Gli1 are present in the interstitium of the testis, specifically in the Leydig and peritubular myoid cells, indicating that the hedgehog signaling pathway participates in epithelialmesenchymal communication within the fetal testis (Barsoum and Yao 2011; Bitgood et al. 1996; . Ablation of Dhh resulted in testis phenotypes that differed depending upon the genetic background of the mouse (Bitgood et al. 1996; Clark et al. 2000; Pierucci-Alves et al. 2001; . On a pure 129/Sv background, Dhh −/− mice displayed an adult testis phenotype characterized by a spermatogenesis defect (Bitgood et al. 1996) . However, when Dhh −/− mice were generated on a mixed background (129/Sv, C57BL/6, and Swiss Webster), the phenotypes became exacerbated, displaying fetal testis defects including disorganized testis cords as well as Leydig and peritubular myoid cell defects (Clark et al. 2000; Pierucci-Alves et al. 2001; . These strain-specific effects of DHH demonstrate the importance of DHH in germline and somatic cell development in fetal life and adulthood as well as the possible involvement of genetic modifiers that modulate DHH activity.
Hedgehog signaling influences germ cell development
The initial finding of the spermatogenesis defect in the Dhh −/− mice was puzzling as downstream hedgehog signaling components, such as Ptch1, Gli1, and Gli2, are expressed exclusively in the testis interstitium and are absent in male germ cells in the fetal testes (Barsoum and Yao 2011; Bitgood and McMahon 1995; Bitgood et al. 1996; . This leads to the possibility that Dhh indirectly influences spermatogenesis by acting on the interstitial cell population. However, it was later discovered that male germ cells in the adult testis could be a direct target of hedgehog signaling based on the presence of downstream components, such as Gli1, Gli2, Gli3, Ptch1, Ptch2, Ptchd3, and Smo, in the spermatogenic cell populations (Fan et al. 2007; Kroft et al. 2001; Morales et al. 2009; Szczepny et al. 2006 ). Similar to the Dhh −/− model, ectopic activation of the hedgehog signaling pathway by overexpression of Gli1 led to a block in spermatogenesis at the primary spermatocyte stage (Kroft et al. 2001) . These findings highlight the importance of a properly tuned hedgehog signaling pathway in spermatogenesis.
The hedgehog signaling pathway also plays a role in germ cell development in species other than mice. In Drosophila, the primordial germ cells form a 16-cell cyst at which point they differentiate to form either the spermatocyte in males or the oocyte and supporting nurse cells in the female (Jemc 2011) . Evidence of an influence of the hedgehog signaling pathway on Drosophila spermatogenesis has not been demonstrated; however, the hedgehog signaling pathway could be involved in sex determination of the germ cells. The autosomal gene Sex-lethal, which controls somatic cell sex determination and female germ cell differentiation, is a target of the hedgehog signaling pathway in the germline (Vied and Horabin 2001) . The hedgehog signaling pathway also influences female germ cell proliferation and the eventual specification of the oocyte from within the 16-cell cyst (Sato et al. 2010; Xia et al. 2010 ). In C. elegans, mutation of the ptc-1 gene, the homolog of Ptch, led to failed cytokinesis of germ cells and subsequent infertility in both males and females (Kuwabara et al. 2000) . While the development of germ cells in C. elegans is interesting, it is equally striking how hermaphrodites make the decision to produce sperm or oocytes. This process is largely unclear; however, it was recently demonstrated that the MPK-1/ERK signaling pathway initiates a series of events including degradation of tra-1 to promote oogenesis (Arur et al. 2011) . Thus, the Hedgehog signaling pathway may act within female germ cells to promote their specification and proliferation. It remains to be seen if the hedgehog signaling pathway also acts in this capacity in the mammalian oocyte.
In species such as fruit flies and zebrafish, the hedgehog signaling pathway was initially implicated in the migration of primordial germ cells. In Drosophila, primordial germ cells arise from a deposit of maternal cytoplasm called germ plasm in the posterior portion of the embryo, and during invagination, they migrate to the mesoderm where they intermix with the somatic precursor cells (Jemc 2011) . The hedgehog signaling pathway was initially proposed to be necessary for germ cell migration as an attractive cue for their migration (Deshpande et al. 2001 ). However, these findings were recently disputed (Renault et al. 2009 ). In zebrafish embryos, treatment with the hedgehog inhibitor cyclopamine inhibited germ cell migration as a result of a systemic defect in cell motility (Mich et al. 2009 ). However, zebrafish with mutations in the hedgehog signaling pathway (Shh, Gli1, Gli2a, and Smo) failed to display this phenotype. In fact, it was found that cyclopamine affected cell adhesion in zebrafish, which then impact the motility of the primordial germ cells. Therefore, it appears as though the hedgehog signaling pathway is not required for germ cell migration, at least in zebrafish. The involvement of the hedgehog signaling pathway in germ cell migration in mammals remains to be determined.
Hedgehog signaling is essential for fetal Leydig cell development
The most well studied cell type that the hedgehog signaling pathway targets is the fetal Leydig cell. Fetal Leydig cells, the steroidogenic cells of the testis, produce androgens and insulin-like factor 3 (INSL3), which are responsible for the maintenance and differentiation of the male reproductive tract, the development of the external genitalia, and testis descent ). As mentioned above, ablation of Dhh in mice on a mixed background led to a reduction in the number of fetal Leydig cells (Clark et al. 2000; Pierucci-Alves et al. 2001; . This regulation requires an interaction with the orphan nuclear receptor steroidogenic factor 1 (SF1) as loss of one copy of Sf1 exacerbates the Leydig cell defect of the Dhh −/− mice (Park et al. 2007) . A role for DHH in Leydig cell differentiation appears conserved as rats that contain a spontaneous mutation in DHH exhibit Leydig cell phenotypes similar to those of the Dhh knockout mice (Kawai et al. 2011) . Interestingly, in in vitro organ culture experiments, treatment with a general hedgehog inhibitor, cyclopamine, completely blocked Leydig cell development, implying that hedgehog ligands, in addition to DHH, could be involved in Leydig cell development . SHH, produced by the neighboring mesonephros, could be the additional source of hedgehog ligand. Mesonephros-derived SHH is apparently active based on the positive expression of Ptch1 and Gli1 in this region (Barsoum and Yao 2011; Bitgood et al. 1996; ) (Bitgood and McMahon 1995) . Interestingly, Ptch1 and Gli1 expression in the mesonephros is not affected by the loss of Dhh, further supporting a potential role for SHH (Bitgood et al. 1996) . In a recent report examining the importance of posttranslational modifications of SF1, ectopic expression of Shh and upregulation of other hedgehog components were found in the fetal testis interstitium when SF1 sumoylation was eliminated (Lee et al. 2011) . The testis of the mutant mice displayed altered testis cord morphology, which was accompanied by an increase in Leydig cell function. Intriguingly, expansion of Shh expression was also found in the fetal adrenal of the mutant mice where testis specific markers, such as Sox9, were induced. These observations not only provide a novel mechanism for SF1 in the transcriptional regulation of Shh but also demonstrate the ability of SHH to influence testis development. Further evidence of hedgehog regulation of the Leydig cell population came from studies examining the downstream effectors of the hedgehog signaling pathway in this process. The ectopic activation of SMO in the fetal ovary, where the hedgehog signaling pathway is normally inactive, promotes the ectopic appearance of Leydig cells ). The actions of SMO are mediated through the Gli family of transcriptional activators, including Gli1 and Gli2. Overexpression of Gli1 reportedly resulted in Leydig cell hyperplasia although no specific Leydig cell markers were examined (Kroft et al. 2001) . Ablation of either Gli1 or Gli2 does not affect Leydig cell development; however, treatment with the Gli inhibitor GANT61 inhibits Leydig cell formation (Barsoum and Yao 2011) . A potential hedgehog downstream effector in Leydig cell development is chicken ovalbumin upstream promoter transcription factor II (COUP-TFII) (Qin et al. 2008) . COUP-TFII is an orphan nuclear receptor implicated in the hedgehog signaling pathway in multiple tissues (Lin et al. 2011) . When it was ablated in the adult mouse, both testis and epididymal weights were reduced (Qin et al. 2008) . The testis displayed a reduced number of Leydig cells, which led to the reduced epididymal weight as androgen treatment was able to rescue the epididymal phenotype. It remains to be determined whether COUP-TFII is indeed a downstream regulator of the hedgehog signaling pathway in fetal Leydig cells. Together, these data point to a role for the hedgehog signaling pathway and its downstream components in the regulation of the fetal Leydig cell population.
Proper testis cord formation in the fetal testis requires hedgehog signaling Disruption of the hedgehog signaling pathway, either genetically or pharmacologically, resulted in defects in testis cord formation (Clark et al. 2000; PierucciAlves et al. 2001; Szczepny et al. 2008; . The hedgehog signaling pathway is active in the testis interstitium, which contains fetal Leydig cells, peritubular myoid cells, and vasculature (Barsoum and Yao 2011; Bitgood et al. 1996; . Peritubular myoid cells are critical for testis cord formation as they, along with Sertoli cells, secrete components of the basal lamina that delineate the testis cords (Tung et al. 1984) . Ablation of Dhh in mice on a mixed genetic background resulted in peritubular myoid cell defects characterized by focal disruption of the basal lamina (Clark et al. 2000; Pierucci-Alves et al. 2001 ). However, little is known about the mode of action of the hedgehog signaling pathway in the peritubular myoid cell due to the lack of specific markers for them (Jeanes et al. 2005) . One of the critical events in testis cord formation is the migration of endothelial cells from the mesonephros and the establishment of the testis vascular network (Combes et al. 2009; Cool et al. 2011) . The vasculature within the testis has not been demonstrated to express hedgehog signaling components (Barsoum and Yao 2011; Bitgood et al. 1996; . Furthermore, loss of hedgehog signaling, either by ablation of Dhh or treatment with cyclopamine, does not impact cell migration from the mesonephros or vascular formation (Bitgood et al. 1996; Clark et al. 2000; Pierucci-Alves et al. 2001; . Therefore, it does not appear as though the hedgehog signaling pathway acts upon the testis vascular network.
The temporal and cell-type-specific expression pattern of Dhh (right after the onset of testis determination in Sertoli cells) and its functions has made DHH the first identified morphogenetic regulator downstream of the testis-determining switch SRY. Sertoli cell-derived DHH facilitates testis cord formation by acting upon peritubular myoid cells and, at the same time, inducing fetal Leydig cell differentiation (Fig. 1) . How DHH induces distinct cellular responses in these two cell populations is not clear. Precursors of peritubular myoid cells and fetal Leydig cells are thought to derive from two separate populations (SF1 negative for peritubular myoid cells and SF1 positive for Leydig cells). The presence or absence of SF1 could contribute to the distinct responses to DHH of these two cell types (Fig. 1) . This hypothesis is supported by the observation that when only one functional Sf1 allele is present in the Dhh −/− male, Leydig cell defects are exacerbated, whereas the testis cord malformation was not affected (Park et al. 2007 ). Future studies aimed at determining how the DHH response differs in these two cell types should shed light on the involvement of SF1 in this process.
Does the hedgehog signaling pathway play a role in the female gonad?
The hedgehog signaling pathway is inactive in the fetal ovary based on the absence of Ptch1 and Gli1 expression (Barsoum and Yao 2011; Bitgood and Interestingly, despite the same hedgehog signaling components, these two cell types respond differently to the DHH ligand possibly due to the presence of SF1 in the Leydig cells. DHH signaling has also been shown to influence spermatogenesis; however, it is unclear if this occurs through a direct or indirect mechanism. Within the mesonephros, SHH is produced by the Wolffian duct epithelium and PTCH1 and GLI1 are expressed in the mesonephric mesenchyme. Together, these data indicate that the hedgehog signaling pathway mediates epithelial-mesenchymal communication during fetal male reproductive development McMahon 1995) . This inactive state of the hedgehog signaling pathway is necessary, otherwise it triggers the ectopic appearance of fetal Leydig cells ). However, after birth, all three Hedgehog ligands are detected (Russell et al. 2007 ). In the adult mouse ovary, both Dhh and Ihh are expressed, exhibiting localization in the granulosa cells of the antral follicles (Russell et al. 2007; Wijgerde et al. 2005) . Components of the hedgehog signaling pathway, Ptch1, Smo, and Gli1, are localized mostly to the theca cell layer of the follicles and are also found at lower levels in the granulosa cells and other cell types within the ovarian stroma. Similar patterns of expression of the hedgehog signaling pathway were observed in both rat and bovine ovaries, suggesting that this pathway may be conserved in the ovary (Spicer et al. 2009 ). Loss of hedgehog signaling has not been reported to influence folliculogenesis (Wijgerde et al. 2005) . Rather, ectopic activation of the hedgehog signaling pathway disrupts folliculogenesis. In in vitro culture of bovine theca cells, treatment with recombinant SHH increased their proliferation and androstenedione production (Spicer et al. 2009 ). Additionally, recombinant SHH treatment increased the proliferation and growth of follicles in vitro (Russell et al. 2007 ). However, genetic activation of the hedgehog signaling pathway in vivo inhibited follicle development, specifically the development of the theca cell population, resulting in female infertility (Ren et al. 2009 ). These observations highlight the importance of coordinate hedgehog action in the adult ovary, similar to the testis. While there is no functional data that implicate the hedgehog signaling pathway in mouse ovarian development, much is known about its role in Drosophila. The Drosophila ovary develops from the anterior somatic cells that form terminal filaments to define each ovariole (Jemc 2011) . At the same time, the cap cells appear and contribute to the germ stem cell niche or germarium. Within each ovariole, egg chambers form and contain the developing germ cells. The germ cells are encapsulated by a population of somatic cells, known as the escort cells, that are eventually replaced by follicle cells stalk cells, and polar cells as oogenesis progresses. Manipulation of the hedgehog signaling pathway in the egg chamber reveals that the development of the pre-follicle and pre-stalk cells as well as the positioning and development of the germ cells require a coordinated hedgehog signaling pathway (Besse et al. 2005 (Besse et al. , 2002 Forbes et al. 1996; Zhang and Kalderon 2000) . Genetic models in mice will provide much needed information as to whether the role of the hedgehog signaling pathway in ovarian development is conserved among different species.
Let us not ignore the reproductive tracts
Following the establishment of the gonads, the reproductive tracts undergo dramatic remodeling and transform from a straight tubule into a convoluted and segmented structure. Although the components of the hedgehog signaling pathway are present in the tracts, their roles in tract development have not yet been identified. The Wolffian duct epithelium is the source of Shh, which is the only hedgehog ligand present in the mesonephros (Bitgood and McMahon 1995) . Both Ptch1 and Gli1 are expressed in the mesonephric mesenchyme, implying an epithelial-mesenchymal crosstalk in this tissue (Fig. 1) (Barsoum and Yao 2011; Bitgood et al. 1996; . Studies in Drosophila have implicated the hedgehog signaling pathway in reproductive tract development. Genital discs, the precursors of the reproductive tracts in Drosophila, are specified along the anterior posterior (A-P) axis (Gorfinkiel et al. 2003) . The hedgehog signaling pathway defines these A-P borders as manipulating hedgehog levels in the different segments alters the resulting internal genitalia. Additionally, the hedgehog response is dependent on the anterior or posterior position of the responding cell with regards to the signaling cell (Gorfinkiel et al. 2003) . These data imply that the hedgehog signaling pathway could potentially influence the development of the reproductive tracts and, combined with the expression data gathered from mice, suggests that this could be a conserved mechanism of reproductive tract development.
Epithelial-mesenchymal communication via the hedgehog signaling pathway seems to be maintained in the adult reproductive tract, similar to that of the fetal stage. In the adult male reproductive tract, the expression pattern of Shh and its downstream components remains similar to their fetal counterpart (Turner et al. 2006 (Turner et al. , 2004 . In the adult female reproductive tract, Ihh is expressed in the uterine epithelium, whereas its effectors Ptch1, Gli1, and COUP-TFII are expressed in the uterine stroma (Matsumoto et al. 2002; Takamoto et al. 2002) . Inhibition of Hedgehog signaling by cyclopamine treatment impaired sperm motility in the adult epididymis (Turner et al. 2006) . These studies corroborate studies in the female that demonstrated that the hedgehog signaling pathway is necessary for female fertility as a key regulator of uterine function (Franco et al. 2010a; Kurihara et al. 2007; Lee et al. 2010 Lee et al. , 2006 Takamoto et al. 2005) . In addition, the hedgehog signaling pathway is necessary for oviductal coiling, uterine gland formation, and proper differentiation of the uterine epithelial and stromal compartments (Franco et al. 2010b; Migone et al. 2011) . Thus, these studies describe a role for the hedgehog signaling pathway in epithelial-mesenchymal communication in the regulation of adult reproductive tract development and function, but the question remains as to its role in fetal reproductive tract development.
In this case, it is not just what is on the inside that counts
Establishment of the external genitalia is the final step of sexual differentiation and, not surprisingly, is also controlled by the hedgehog signaling pathway. In both male and female mouse embryos, the external genitalia start to develop as genital swellings around E10.5, which eventually form the bipotential genital tubercle (Perriton et al. 2002) . The genital tubercle then undergoes further outgrowth, accompanied by mesenchymal condensations. At E16.5, the first sexspecific morphological differences in the external genitalia are evident as the male organ is more pronounced than its female counterpart (Haraguchi et al. 2000; Miyagawa et al. 2011) . The hedgehog ligand, Shh, is expressed in the urethral epithelium, whereas its downstream signaling components, Ptch1, Gli1, Gli2, and Gli3, are expressed in the mesenchyme of the mouse external genitalia, revealing a similar pattern of epithelial-mesenchymal crosstalk as the other reproductive organs (Haraguchi et al. 2001 (Haraguchi et al. , 2000 . Shh −/− mice display small residual external genitalia structures in both males and females, implicating the hedgehog signaling pathway in the initiation of genital tubercle outgrowth (Haraguchi et al. 2001; Perriton et al. 2002) . In addition to its role in the initiation of genital tubercle outgrowth, Shh is also essential for early urethral plate formation and subsequent growth and patterning of the penis and closure of the urethral tube (Haraguchi et al. 2001; Seifert et al. 2009 ). Ablation of Shh resulted in hypospadias or abnormal closure of the urethra. Strikingly, the duration of Shh ablation impacted the overall length of the genitalia in a manner reminiscent of the limb, indicating that both the initiation and duration of the hedgehog signal affects external genitalia development. The mechanism of SHH action in the external genitalia is likely through its inhibition of cell death and promotion of cell proliferation (Haraguchi et al. 2001; Perriton et al. 2002; Seifert et al. 2009 Seifert et al. , 2010 . The role of SHH was further validated by manipulating downstream components of the hedgehog signaling pathway in the external genitalia. When Smo was ablated in the genital tubercle ectoderm, male mice developed hypospadias similar to the Shh knockout model; however, ablation of Smo in Shh-expressing cells had no impact on genital development (Seifert et al. 2009 ). Taking an alternative approach, Miyagawa et al. (2011) produced mouse models where SMO was ectopically activated in the female genital tubercle. While a partial masculinization occurred, a complete sex reversal of the female external genitalia to male was not observed, indicating that the hedgehog signaling pathway alone is not sufficient to induce male-specific patterning of the external genitalia. Downstream of SHH and SMO, GLI2 is the predominant intracellular regulator in the mesenchyme of the genital tubercle (Haraguchi et al. 2001; Miyagawa et al. 2011) . Interestingly, while Gli3 −/− mice develop normally, when three copies of Gli2 or Gli3 are inactivated (Gli2
), the resulting genital phenotypes are more severe than either knockout alone (Miyagawa et al. 2011 ). An additional striking feature of the Gli2 −/− mice is that the female genital phenotype is much less severe than that of the male mice, suggesting that the hedgehog signaling pathway influences the sexually dimorphic development of the external genitalia. Interestingly, Drosophila with ectopic hedgehog expression in the genital discs develops duplicate external genitalia (Gorfinkiel et al. 2003) . Thus, the hedgehog signaling pathway represents a conserved mechanism of external genitalia development.
Summary and conclusion
The dynamic nature of sexual differentiation presents a robust system for the study of the mechanisms by which cellular crosstalk influences developmental events. Based on evidence from in vivo model systems and in vitro organ culture, the hedgehog signaling pathway is clearly involved in cell fate determination and cell-cell communication in the process. Rather than controlling the primary sex determination of the gonads, the hedgehog signaling pathway plays critical roles in the dimorphic establishment of the gonads, reproductive tract, and external genitalia. The primary mechanism by which the hedgehog signaling pathway acts is through epithelial-mesenchymal crosstalk, with the epithelium being the source of ligand and surrounding mesenchyme as the target. This crosstalk is apparent in both the testis and external genitalia. The expression of hedgehog components in the ovary and the Wolffian duct suggests the presence of a similar mechanism. While much has been uncovered about the involvement of the hedgehog signaling pathway in sexual differentiation, many questions remain to be addressed. For instance, how does the hedgehog signaling pathway induce different cellular responses in the precursors of fetal Leydig and peritubular myoid cells? Do hedgehog ligands from other sources, such as the mesonephros, contribute to overall testis development and influence reproductive tract development? How does the hedgehog signaling pathway influence germ cell differentiation in the testis and ovary? Addressing these questions will provide a better understanding of not only sexual differentiation but also how the hedgehog signaling pathway mediates cellular response in general. Disorders of sexual development affect 1 in 4,500-5,000 live births and are a major health issue (Warne and Raza 2008) . One class of these disorders is defined by abnormal development of the reproductive system, such as gonadal dysgenesis and hypospadias. The etiology of these disorders is largely undefined and only 10-15% of cases have been linked to specific genetic mutations (Canto et al. 2004; Das et al. 2011) . Mutations in DHH have been identified in patients with gonadal dysgenesis (Canto et al. 2004 (Canto et al. , 2005 Das et al. 2011; Umehara et al. 2000) . These patients display variable reproductive and neuropathological phenotypes that resemble the Dhh −/− mouse model.
Mutations in the other members of the hedgehog signaling pathway have not been linked to disorders of sexual development, likely due to the importance of these genes in embryonic survival (Cohen 2003; Varjosalo and Taipale 2008) . However, future studies may identify the hedgehog signaling pathway as a genetic modifier(s), which along with other mutations acting in a polygenic or gene-dosage-dependent manner, facilitate disorders of sexual development in humans.
In conclusion, through the use of model systems, the hedgehog signaling pathway has been shown to be a conserved mechanism through which the reproductive system develops. A pattern has emerged in which the hedgehog signal emanates from the epithelium and signals through its downstream components in the mesenchyme. As further information is gathered as to the mechanisms by which the hedgehog signaling pathway regulates this crosstalk, its potential impact on disorders of sexual development will become apparent eventually leading to treatments for these disorders.
